The naked mole-rat (NMR) is the world's longest-living rodent, with a maximum lifespan of longer than 31 years without any evidence of neoplastic disease. Recently, the NMR has come to be regarded as a useful animal model for the study of longevity and cancer resistance. Sequencing analysis of the NMR genome revealed the existence of species-specific changes in the predicted sequence of the INK4a and ARF tumor suppressors, suggesting the possibility that these two genes might have important roles in NMR's unique longevity and cancer resistance. Here, we report the molecular cloning and characterization of the INK4a and ARF genes in vitro. To investigate the expression and function of the INK4a and ARF genes in NMR, we generated several research tools, including antibodies, real-time PCR primer sets, and overexpression and knockdown vectors. Our results showed that endogenous expression of INK4a and ARF was upregulated in NMR fibroblasts treated with DNA-damaging agents or after serial passaging. In addition, overexpression of INK4a or ARF caused cell cycle arrest in both NMR fibroblasts and mouse NIH-3T3 cells. These results suggest INK4a and ARF execute a conserved function as cell cycle inhibitors in NMR. The research tools developed in the present study will be useful for exploring the specific function of INK4a and ARF genes in the unique longevity and cancer-resistant phenotype of NMRs.
Since the NMR genome sequence was reported in 2011, several NMR-specific coding sequences possibly contributing to the longevity and cancer resistance of NMRs have been reported [11] [12] [13] . Notably, Kim et al. demonstrated that the predicted sequences of the potent tumor suppressors
INK4a and Alternative reading frame (ARF) contain speciesspecific changes in NMRs. They identified two early stop codons in the second exon of INK4a and four early stop codons in the second exon of ARF that result in the translation of truncated INK4a and ARF proteins 11) .
Moreover, Seluanov et al. reported that the expression of
INK4a is associated with early contact inhibition 9) .
INK4a and ARF genes are potent tumor suppressors sharing two exons encoded in the CDKN2a gene locus [14] [15] [16] [17] .
INK4a and ARF activate two crucial tumor suppressor pathways, the Retinoblastoma protein (Rb) and p53 pathways, respectively. INK4a binds to cyclin dependent kinase (CDK) 4/6 and inhibits its function, which in turn activates Rb 14) . ARF activates p53 by binding to and inhibiting Mdm2, a destabilizer of p53 18) . The activation of these pathways prevents aberrant cell growth by inducing apoptosis or cellular senescence [19] [20] [21] . Overexpression of ARF causes cell cycle arrest in NIH-3T3 cells 22) , and mice that lack either INK4a or ARF exhibit a tumor-prone phenotype 17, 23, 24) . INK4a and ARF genes are also known as biomarkers of aging. In several rodents and human, expression of INK4a and ARF is elevated in several tissues during aging 25) . Co., Ltd., Nagoya, Japan). The peptide sequences used as antibody epitopes are shown in Table 1 .
4)Western blotting analysis
The cells were washed with PBS, lysed in cell lysis buffer 
5)Immunocytochemical analysis

293T cells overexpressing NMR-INK4a and NMR-ARF
were fixed with 4% paraformaldehyde in PBS for 5 min and then treated with 0.3% Triton X-100 and Tris-NaCl-blocking buffer (TNB; PerkinElmer) for 60 min at room temperature. 
7)Cellular senescence assay
Cellular senescence was induced by treating the cells with 200 nM of mitomycin C for 24 hours twice. SA-βgal staining was performed using senescence detection kit (BioVision)
according to the manufacture's instruction.
8)Cell cycle analysis
Cells were trypsinized, washed twice with PBS, and fixed in ice-cold 70% ethanol for 2 h. Subsequently, cells
were stained with propidium iodide and subjected to flow cytometric analysis based on DNA content. The samples were then analyzed for cell cycle distribution using a FACS Calibur (Becton-Dickinson) and the Dean-Jett-Fox algorithm in FlowJo software (Treestar).
9)Lentivirus preparation
Lentiviruses were produced by transient transfection of The conditioned medium containing virus particles was concentrated and used for viral transduction.
10)Trypan Blue Exclusion Test
To determine the number of viable or dead cells, cell suspension was stained with trypan blue and the staind cells were counted as dead cells.
11)Statistical analysis
Student's t-tests (two-tailed) were used for the statistical analysis of differences between two groups. All data are presented as the means ± s.d. from three biological replicates.
Results
1)Cloning of INK4a and ARF genes of NMR
To confirm the previously predicted coding sequences of INK4a and ARF in NMR 11, 13) , we performed cDNA cloning of INK4a and ARF coding sequences from a skin fibroblast cDNA library. First, we retrieved sequence information from around the INK4a/ARF locus from scaffold 173 in the BGI genome database 11) . Next, we performed cloning and Sanger sequencing of DNA fragments containing full-length of INK4a or ARF coding sequences from skin fibroblasts.
The resulting sequences of cloned INK4a and ARF were identical to the predicted sequences reported previously.
The sequence of NMR ARF was deposited in GenBank (accession number: LC012308). We next compared the amino acid sequences of these genes with those of guinea pig, human, and mouse found in the NCBI database (Figs. 1A and 1B) . As reported previously, the amino acid sequences of INK4a and ARF in NMR were truncated forms. We found that the amino acid sequences in guinea pig were also truncated for both INK4a, as reported previously 11) , as well as ARF. The four ankyrin repeat sequences and threonine residue important for CDK6 Amino acid sequence analysis of NMR ARF showed that it is shorter than ARF in mouse, human, and guinea pig, due to the early stop codon at amino acid 91. A notable change in NMR ARF was loss of the p53-independent apoptosis domain in the carboxy-terminus (amino acids 130-169) of ARF, which is also missing in human ARF.
2)Generation and evaluation of overexpression/knockdown vectors and antibodies against NMR INK4a and ARF
Because both NMR INK4A and ARF have unique amino acid sequences, we generated rabbit polyclonal antibodies and real-time PCR primer sets able to detect INK4a and ARF protein and mRNA expression, respectively (Table   1 ). In addition, NMR INK4a or ARF were introduced into lentiviral overexpression vectors 27) . Finally, we generated knockdown vectors expressing shRNAs that bind specifically to INK4a and ARF or exon2 of CDKN2a, which is shared by these two genes. The target sequences of shRNAs are shown in Table 1 in agreement with its predicted size. We also detected an obvious band near the 10 kDa at the predicted size of NMR ARF (Fig. 2C ). Immunocytochemistry performed using these antibodies consistently detected NMR INK4a in the cytoplasm and nuclear compartment, while NMR ARF was localized to the nucleoli (Fig. 2D ).
3)Elevation of endogenous INK4a and ARF expression levels during cellular senescence in NMR fibroblasts
INK4a and ARF genes are well known as cellular senescence markers 21, 28) . 
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NMR fibroblasts showed a large, flat morphology, similar to that of senescent cells (Fig. 3A) . SA-β-gal-positive cells in NMR fibroblasts were also increased after MMC treatment (Fig. 3A) , indicating the induction of cellular senescence.
MMC treated NMR fibroblasts were found to accrue considerable DNA damage as shown by the accumulation and the increase in the intensity of γH2AX foci, a marker of DNA damage (Fig. 3A) . As shown in Figures 3B and   3C , expression of INK4a and ARF was increased at both the message and protein levels after induction of cellular senescence. Likewise, the serially-passaged NMR fibroblasts also expressed INK4a and ARF (Figs. 3D and 3E ). or ARF was confirmed at both the mRNA and protein We revealed that NMR INK4a and ARF expression was upregulated at both the mRNA and protein level after the induction of senescence in NMR fibroblasts, just as in mouse. INK4a and ARF are known to be expressed at very low levels in most tissues in young organisms, but become de-repressed during aging 29) . Our studies will allow us to use INK4a and ARF as molecular markers of cellular senescence and aging in NMRs.
Subsequently, we found that the overexpression of NMR 
